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ABSTRACT 


The sediment regime of Spring Creek Watershed, a 112.7 km 


wilderness area in west-central Alberta, was assessed using stream- 
flow records and suspended sediment and solute concentration measure- 
ments made on Spring cect and five of its tributaries from 1967 to 
1977. 

Most of the watershed contributes practically nothing to the 
sediment yield. Ninety percent of the sediment yield is derived from 


a 1.5 km¢ 


area near the watershed mouth; a zone of geomorphic dis- 
equilibrium developed in response to past changes in the local base 
level. Older, higher level disequilibrium zones on the tributary 
Streams provide most of the remaining sediment yield. 

On average, 76% of the annual sediment yield is output during 
spring runoff and the sediment discharge of 18 days per year accounts 
for 90% of the annual sediment yield. Combining spatial and temporal 
aspects shows that over 80% of the sediment yield is derived from 
1.5% of the watershed area in less than 5% of the time. 

Sediment rating curves give reasonably good prediction of sedi- 
ment concentration from streamflow rates for Spring Creek, but not 
for its tributaries. The sediment-streamflow relationship observed 
for Spring Creek is largely defined within the major sediment source 
area near the watershed mouth. 

Differences between spring and summer rating curves are minor 
and variations in mean monthly sediment yield are controlled by 


variations in monthly flow characteristics. 
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The impact of the construction of a pipeline right-of-way across 
Spring Creek was evaluated. This disturbance of .004% of the water- 
shed area produced a 36% increase in sediment yield. 

Recommendations for further research and some guidelines for 


land managers are presented. 
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1. INTRODUCTION 


1.1 Reasons for the Study 

Sediment yield is the net sediment outflow of a watershed. Sedi- 
ment sources are spatially variable and the rate of sediment outflow 
varies over time. Complex interrelationships exist between sediment 
discharge and environmental factors and cause extreme regional and 
intraregional variations in the magnitude and nature of sediment 
yield. The complexity of sediment systems make it difficult to 
accurately predict either their net output or their response to 
environmental changes. 

The production, transportation, and deposition of sediment 
affects and is affected by human activity. Erosion leads to the 
degradation and loss of productive soil and the formation of rills 
and gullies. The concentration of sediment in rivers and streams 
affects their water quality and the cost of processing the water to 
make it acceptable for an intended use. Sediment deposition influ- 
ences river regime, accentuates local flooding and channel migration, 
and sediment deposition rates in reservoirs largely determine their 
effective life. 

In most cases, the impact of human activity on the sediment 
regime of an area is negative and causes or accentuates sediment 
problems. In other cases, however, man aims to remedy such problems 
or to prevent their development. While the cost of sediment problems 
is difficult to assess. it is certainly significant. In order to 


minimize this cost, management techniques must be refined and this 
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requires an improved understanding of sediment dynamics. Since no 
universal models are available, managers require information on the 
Specific regional character of sediment systems. 

Despite this need, there is a paucity of data available on the 
sediment yield of Alberta watersheds. This lack is most pronounced 
in the northern parts of the province and is due primarily to the 
high costs of establishing and operating sediment gauging stations. 


- in Alberta, about 25% 


For example, the Peace River drains 175,000 km 
of the total land area of the. province, yet sediment data are gathered 
regularly at only four sites within this area (Water Survey of 

Canada, 1976). One station gauges the sediment discharge of the 

upper two-thirds of the watershed and another is situated at the 
watershed mouth. The measurements made provide valuable information 
on the sediment yield of the Peace River watershed, but they do not 
indicate the spatial variation of sediment production within it. 
Rather, they record the net sediment output of vast areas which 
include a wide variety of environmental conditions and land uses. 

The other two sites monitor the sediment yield of small, 
relatively homogeneous, tributary watersheds. One is in the Rocky 
Mountain Foothills and the other is on the southern margin of the 
Peace River Region. The latter site, Spring Creek Watershed, is of 
particular interest since it is typical of many areas in northwestern 
Alberta being made available for settlement and agricultural develop- 
ment. In the past, development of such areas has caused erosion 


problems (Alberta Environment Conservation Authority, 1976). 
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1.2 Objectives 

This thesis is a study of the sediment yield of Spring Creek 
Watershed. Its principal objectives are to examine and explain the 
sediment dynamics of this wilderness watershed. The research 
complements hydrologic investigations by Alberta Environment, the 
ultimate purpose of which is to evaluate the impact of future 


agricultural development within the watershed. 


1.3 Scope 

The thesis summarizes the environmental character of the water- 
shed and reviews the data-gathering methods which have been employed. 
It then discusses the temporal aspects of the sediment regime. Annual 
and seasonal variations in sediment yield and sediment discharge are 
examined. An analysis of the spatial variation in sediment produc- 
tion follows, and the sources of the suspended sediment discharged 
from the watershed are identified. The relationship between sediment 
and water discharge is then investigated using sediment rating curves. 

Immediately prior to the start of this study, a pipeline was 
constructed across Spring Creek near the mouth of the watershed. 
Erosion of the pipeline right-of-way was monitored over the summer of 
1977 and its initial impact on the sediment yield of the watershed is 
reported here. 

The thesis concludes with a review of the study findings, recom- 
mendations for further research, and some guidelines for land managers. 

Suspended sediment is the primary concern of this study, and for 
the sake of brevity, it is referred to simply as sediment. Dissolved 


sediment is termed solute. 
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1.4 Previous Studies 

A wide range of natural environments are found in Alberta; from 
the semi-arid plains in the south to the permafrost areas of the 
northern uplands, from the Rocky Mountains in the south-west through 
the foothills and prairies to the Canadian Shield in the north-east. 
Superimposed on this natural diversity is a wide variety of land uses. 
World and continental scale studies of sediment yield patterns suggest 
that this environmental diversity should be reflected in a diversity 
of sediment yields over the province. 

The classic study by Langbien and Schumm (1958) relating sedi- 
ment yield to mean annual precipitation found that maximum sediment 
yields occur in semi-arid regions and that sediment yield decreases 
as the climate becomes more humid. More recent studies (Douglas, 
1967; Fleming, 1969; Wilson, 1973) are in general agreement with these 
findings although they suggest that the "Langbien-Schumm curve" may 
only be valid for continental climates. 

Gregory and Walling (1973) reviewed previous studies to compare 
erosion rates for mountainous and lowland areas at tne world scale. 
They found that erosion rates reported from mountainous areas are 
generally an order of magnitude greater than those of lowland areas. 

The effects of land use can substantially alter sediment yield 
patterns (Strakhoy, 1967; Wolman, 1967; Slaymaker and McPherson, 1973). 
Although human activity generally increases sediment yields, its 
impact in specific cases in highly variable (Gregory and Walling, 
1973). 


Scale of investigation strongly influences the results of 
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sediment yield studies. The sediment yield per unit area of small 
watersheds is generally greater than that of large watersheds (Hadley 
and Schumm, 1961; Gottschalk, 1964) although some exceptions have been 
reported (Carson et al., 1973). Scale affects not only the magnitude, 
but also the temporal pattern of sediment yield. Ketcheson et al. 
(1973) found that sediment transport in small Ontario watersheds 
occurs primarily in the spring while movement from upland plots takes 
place largely in the summer. The relative importance of the various 
factors controlling sediment yield changes as the scale of investi- 
gation changes (Gregory and Walling, 1973). For example, while 
climate may be a controlling variable at the world scale, it becomes 

a constant at local or micro scale. 

Stichling (1973) has mapped sediment yield per unit area and 
river sediment load patterns for Canada and has explained them in 
terms of geology, relief, climate and land use. The patterns 
observed and the explanations offered are in general agreement with 
findings of world scale studies. 

Stichling (1973) shows little variation in sediment yield per 
unit area within Alberta. Almost all of the province falls into the 
yield category of 18-88 t/km@/yr. However this study is based 
largely on data for large watersheds and as such the findings indi- 
cated only that sediment yield per unit area does not vary appreciably 
between the 4 or 5 major watersheds into which the province may be 
divided. 

More variation was found in sediment yield per unit runoff than 


in sediment yield per unit area. This suggests that even though the 
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quantity of sediment derived per unit area does not vary greatly 
among large Alberta watersheds, the pattern and character of sediment 
discharge may vary substantially. 

Small watersheds for which Stichling (1973) was able to obtain 
data, appear as small anomalous areas yielding sediment at rates 
different from the regional norm. Again there is more diversity in 
sediment yield per unit runoff than in sediment yield per unit area. 
In contrast with the findings of previous studies, these small water- 
sheds generally yield less sediment per unit area and per unit runoff 
than the larger watersheds of which they are a part. 

Kellerhals et al. (1974) regressed mean daily sediment concentra- 
tion on mean daily discharge for four large prairie rivers, the drain- 
age areas of which are largely or entirely within southern Alberta. 
They found that the predictive ability of the regression equations 
could not be improved by employing a precipitation index as an addi- 
tional independent variable. They conclude that this is due to the 
fact that no single precipitation index could reflect the short-term 
diversity in precipitation characteristics, runoff response and sedi- 
ment production over the watersheds. 

Luk (1975) made an extensive study of the erodibility of soils 
in the Bow River basin based on measurements from a number of erosion 
plots. He found that erosion rates decreased from the prairies to 
the mountains to the foothills. The low erodibility of the foothills 
soils is related to climatic factors; high rainfall produces a dense 
vegetation cover, high organic content in the soils, and the develop- 


ment of water stable aggregates in the soils. Aggregate development 
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is inhibited in mountain soils by their sandy nature and in prairie 
soils by the more arid climate. 

Bryan (1974) made a laboratory simulated rainfall test of the 
erodibility of a number of Alberta soils. He found that soil erodi- 
bility generally increased with the climatic aridity of the area 
from which the soil sample was taken. 

McPherson (1975) estimated the mean annual sediment yield of 36 
southern Alberta watersheds ranging in size from 75 km? to 1427 km°. 
Mean annual sediment yields ranged from 223 t/km? O05 t/kmé; a 
substantial variation about Stichling's (1973) regional norm. The 
highest, as well as some of the lowest sediment yields were found in 
the foothills. The sediment yields of the mountain watersheds were 
higher than those of the prairie watersheds, yet both were lower and 
less variable than the sediment yields of the foothills. So although 
foothills soils are the least erodible (Luk, 1975) the actual rate of 
sediment production may be highest in the foothills region. 

Campbell (1977a, 1977b) has made a long-term study of the sedi- 
ment yield and erosion rates of the Red Deer River watershed. The 
study has focussed on the badland areas of the lower watershed. 
Marked contrasts were found in sediment and runoff producing charac- 
teristics between the upper and lower watershed. The watershed 
upstream of Red Deer consists mainly of mountains and foothills and 
accounts for 70% of the area, 75% of the runoff but only 10% of the 
sediment yield of the total watershed. The lower watershed between 
Red Deer and Bindloss accounts for only 30% of the area and 25% of 


the runoff but over 90% of the sediment yield. 
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Erosion rates on the badland areas adjacent to the river channel 
in the lower watershed are 8,217 t/km*/yr and can more than account 
for the entire sediment yield measured at Bindloss. Large areas of 
the lower watershed cannot contribute either sediment or runoff to the 
Red Deer River. The sediment input between Bindloss and Red Deer 
(90% of the total sediment yield) may therefore be derived almost 
entirely from the badland areas (2% of the total area). 

Stichling's (1973) regional study of Canadian sediment yield 
patterns is in general agreement with previous world and continental 
scale studies. It appears to indicate a homogeneity of sediment 
production within Alberta, yet the environmental diversity of the 
province suggests that there should be significant variability of 
sediment production within it. Upon closer examination, Stichling's 
(1973) study shows greater variability may exist than jis at first 
apparent. The regional sediment yield norms are established largely 
on the basis of measurements from several major rivers. The few 
small watersheds for which data is available deviate from the 
regional norm and sediment yield per unit runoff is more variable 
than sediment yield per unit area among both large and small water- 
sheds. Also, the sediment yield studies which have been done in 
southern Alberta show that substantial variations in sediment yield 
may exist among similar small watersheds and between physiographic 
regions within large watersheds. 

It is expected that similar diversity exists in northern Alberta. 
Unfortunately there are no watershed sediment yield studies available 


from this part of the province. The sediment studies made in this 
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area have been specifically problem-oriented and as such offer little 
information on regional sediment production and yield patterns. 
Wyldman and Poliquin (1973) measured soil loss from highly disturbed 
sites in the Swan Hills and. found it to be correlated with precipita- 
tion amounts. Outhet (1976) found that the channelization of the 
East and West Prairie Rivers has not significantly increased sedimen- 
tation rates in the western end of Lesser Slave Lake. 

This study aims to contribute to the understanding of sediment 
yield and production patterns within Alberta. It examines in detail 
the magnitude and nature of the sediment yield of a typical smal] 
watershed in the upper Peace River watershed, an area for which little 
information is presently available. MacIver (1966) made an inventory 
of the land and water resources of the study area in order to evaluate 
its land use potential. This study has been a valuable source of 


background information. 
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2. WATERSHED ENVIRONMENT 


2.1 Location and Physiographic Setting 
Spring Creek is a right bank tributary of Simonette River located 
35 km southwest of Valleyview, Alberta (see Fig. 1). It drains a 


watershed area of 112.7 km* 


on the southern margin of the Peace River 
region. This is an extensive plain which is mantled largely by alacio- 
lacustrine deposits and supports parkland and Boreal mixed wood 
ecosystems (Atlas of Alberta, 1969). The plain is dissected by the 
deeply incised valleys of the Peace River and its major tributaries. 


The study area lies within the Wapiti Plain sub-division of the 


Alberta High Plains physiographic region (Atlas of Alberta, 1969). 


2.2 Climate 

The Peace River Region has a subhumid microthermal climate 
(Longley, 1967; Atlas of Alberta, 1969); Dfc in the Képpen system. 
Summers are short and cool with less than 4 months per year having 
mean temperatures over 10°C. Mean January temperatures can fall to 
-30°C while mean July temperatures can exceed 15°C (MacIver, 1966), 
Regional mean annual precipitation ranges approximately 
between 400 and 500 mm. 

MacIver (1966) assessed the climate of the southern Peace River 
region and the following is largely a summary of his work. Other 
sources are referenced where appropriate. 

Weather patterns largely reflect the interaction of Polar Mari- 
time air from the Pacific Ocean and Polar Continental air from the 


northern interior of North America. Regional temperatures are most 
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variable in the winter when the temperature difference between these 
two air masses is the largest. In contrast, precipitation is most 
variable in the summer when the humidity difference is largest. 

In the winter, the continental high pressure system covers the 
region causing most storms to pass to the south. Snowfall, which 
accounts for about 30% of the mean annual precipitation, occurs when 
Polar Maritime air is forced aloft along a warm front. 

This frontal activity increases in the summer as the continental 
high moves north. Convective storms develop in the summer as a 
result of surface heating. Rare incursions of Maritime Tropical air 
can bring extremely high precipitation. The net result of these 
activities is a marked precipitation maximum during the summer. About 
60% of the mean annual precipitation falls during this season. 

Rainfall intensity within the region is relatively low. Toogood 
(1963) presents rainfall intensity data for a station at Beaverlodge, 
about 80 km west of the study area. Of 217 rain storms which were 
recorded over a 7 year period, none had maximum one hour rainfall 
intensities greater than 40 mm/hr and only 4% had intensities greater 
than 10 mm/hr. The most intense rainfall was associated with con- 
vective activity and usually occurred in July. 

The study area is representative of the cooler and wetter areas 
of the Peace River Region (Leggat, 1979). Alberta Environment used 
the short meteorological records from Spring Creek Watershed in 
conjunction with longer records from other sites in the region to 
compute long term annual values of temperature and precipitation. 


These were calculated to be 1.4°C and 538 mm respectively (Holecek, 
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1970). 

The orographic influence of the Swan Hills, located about 120 km 
to tne west of the study area, may be partly responsible for the 
fact that local precipitation is higher than the regional norm. The 
pattern of precipitation distribution over the year (Fig. 2) is 
essentially the same as that of Peace River Region. 

The cause of locally cooler temperatures is not certain, although 
two possible contributing factors have been identified. As a result 
of its distance from the Rocky Mountains, the study area may not 
benefit from modified Pacific air masses to the same extent as other 
parts of the Peace River Region (Leggat, 1979). The general forest 
cover on Spring Creek Watershed would tend to reduce daily maximum 
temperature near the ground (MacIver, 1966), 

While no data are available on rainfall intensity in the study 
area it is probably little different than that experienced in Beaver- 
lodge. Rainfall intensity concerns this study primarily with regard 
to its potential to cause rain splash erosion and generate overland 
flow. Because the watershed is heavily forested it is unlikely that 
either of these phenomena occur to a significant degree even under 


the most intense storms. 


2.3 Geology, Soils, and Vegetation 

The Land Systems Map (Fig. 3) of the watershed was prepared from 
the Land Systems Map of the Sturgeon Lake area (Boyacioglu, 1977) and 
additional information from MacIver (1966), air photo interpretation 


and field observation. 
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FIGURE 2: PRECIPITATION REGIME OF SPRING CREEK WATERSHED 
(data from Holecek, 1970) 
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PIGURE 3 
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The watershed is underlain by horizontally bedded sandstone, 
siltstone, and shale of the Upper Wapiti formation (Holecek, 1967). 
Above this is till mantled by a variable thickness of stony glacio- 
lacustrine deposits. In the central and southeastern parts of the 
watershed, this mantle is very thin and patchy and thus these areas 
are classified as till. Much of the rest of the watershed, where 
the mantle is more nearly continuous, is designated lacustro-till. 

Near the mouth and in the headwaters of the watershed are areas 
of alluvial-aeolian deposits. In part of the lower watershed, these 
are remnants of former floodplains of the Simonette River. Elsewhere, 
they are channel and floodplain deposits of glacial meltwater and 
more recent streams. All have been subject to some reworking by 
wind. Although only a limited portion of the watershed is given an 
alluvial-aeolian classification, thin and discontinuous patches of 
wind-blown sands and silts are also found elsewhere. 

The “incised drainage channels" category includes two distinctly 
different geomorphic units. Downstream from the junction of Horse 
Creek and Spring Creek, it consists of the river channel and severely 
eroded valley sides. There is no well developed floodplain along 
this reach. Upstream from the junction, this category includes the 
river channel and its floodplain. The valley sides along this reach 
are relatively stable. The significance of this change in the 
characteristics of areas bordering the river channels is discussed 
later. 

The dominant soil series in the watershed are Braeburn and Codesa 


(MacIver, 1966). Soils range from clay loam to sandy loam, reflectina 
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variations in tne parent material. The drainage characteristics of 
the soils are strongly influenced by topography as deep percolation 
of moisture is often inhibited by the occurrence of fine grained 
material at shallow depths. 

Low lying areas are the site of marshes and muskegs which occupy 
about 25% of the watershed. In areas of moderately poor drainage 
and a high water table, meadows have developed. They support a 
growth of native grasses and willows and the occasional poplar bluff. 
The rest of the watershed has a forest cover dominated by aspen 
poplar. Its diversity in density and height is largely a reflection 


of past forest fires. 


2.4 Hydrology 

Six tributary watersheds have been defined within Spring Creek 
Watershed (see Fig. 4) and are referenced by the names of the creeks 
which drain them. Upper Spring Creek Watershed drains through the 
gauging station situated on the north-south trending road. Alberta 
Environment and Water Survey of Canada have measured the streamflow 
of Spring Creek and five of its tributaries from 1967 to the present. 

Data for the 1970 to 1974 period (Table 1) are the basis of the 
hydrologic parameters listed in Table 2 and much of the following 
discussion of the spatial and temporal aspects of the watershed 
sediment yield. Complete records of the water and sediment discharge 
of Spring Creek and its gauged tributaries are available from March 
to October for each year of this period. The records are incomplete 


for at least one stream in all other years of the period of record 
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TABLE 1: ANNUAL WATER AND SEDIMENT YIELD 


YEAR 1970 1971 1972 1973 1974 MEAN 
Precipitation (mm) 434 655 551 562 485 543 


tne 


SPRING CREEK 


Water Yield (m? X 103) 4798 9560 9510 8227 16,899 9799 
Sediment Yield (t) 329 3201 2185 1460 10,244 3484 
Sediment Conc. (mg/1) 69 335 230 177 606 356 


i 


HORSE CREEK 


Water Yield (m°> x 10%) 342 464 488 485 94] 544 
Sediment Yield (t) 4.2 18.6 10.9 8.3 32.3 15 
Sediment Conc. (mg/1) 12 40 22 17 34 28 
WOLVERINE CREEK 

Water Yield (m* x 10%) 460 633 807 847 1258 301 
Sediment Yield (t) 105 131 160 109 252 151 
Sediment Conc. (mg/1) 228 207 198 129 200 189 
ROCKY CREEK 

Water Yield (m* x 10°) 703 1134 1214 1237 1752 1208 
Sediment Yield (t) 12.7 20.9 glee 24.5 44.5 26 
Sediment cane (mg/1) 18 18 22 20 25 22 
BRIDLEBIT CREEK 

Water Yield (m> x 10°) 1095 2023 2171 2069 3577 2187 
Sediment Yield (t) 7.3 13.6 46.3 26.3 29.9 25 
Sediment Conc. (mg/1) 7 7 2] 13 8 1] 
UPPER SPRING CREEK 

Water Yield (m> x 102) 1591 3232 3738 3036 5082 3336 
Sediment Yield (t) pe 48.1 87.1 75.3 50.8 54 


Sediment Conc. (mg/1) 5 15 23 25 10 16 
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TABLE 2: HYDROLOGIC INDICES 
(calculated from 1970 - 1974 data) 


WATERSHED MEAN WATER MEAN WATER MEAN RUNOFF RUNOFF 
YIELD YIELD DISCHARGE EFFICIENCY DEPTH 
(m>/yr} (m?/km2/yr) (m?/sec) (mm) 
Spring Creek 9799 x 10° 87 x 10° 0.31 0.16 87 
Gauged Tributaries 
-Horse Creek 544 x 10° 97 x 10° 0.02 0.18 97 
-Wolverine Creek 801 x 10° 83 x 10° 0.03 0.15 83 
-Rocky Creek 1208 x 10° 67 x 10° 0.04 0.12 67 
-Bridlebit Creek 2187 x 10° 114 x 10° 0.07 0.21 114 
-Upper Spring Creek 3336 x 10° 100 x 10° 0.11 0.18 100 
Total of Gauged Tributaries 8075 x 10° 94 x 10° 0.17 94 
Ungauged Area 1724 x 10° 64 x 10° 0.12 64 
TABLE 3: WATERSHED FORM AND NETWORK INDICES 
WATERSHED AREA DRAINAGE WATERSHED WATERSHED FORM RATIO RELIEF MEAN 
2 DENSITY LENGTH (L) WIDTH (W) (L/W) BIFURCATION 
(kn) 2 o RATIO 
(km/km*) (km) * (km) ** 
Spring Creek Zar 2.0 15s2 10.6 1.4 180 4.0 
Horse Creek 5.6 2.2 Spe 2.9 i 90 4.0 
Wolverine 
Creek 9.7 2.8 5.8 35 17 130 3.9 
Rocky Creek 18.7 1.9 8.7 4.2 2.1 130 3.8 
Bridlebit 
Creek 20.3 23 7.4 Sao 1.4 100 3.9 
Willow Creek 5.1 2.4 4.6 1.9 2.4 70 3.6 
Upper Spring 
bie 33.4 1.4 6.9 728 0.9 90 3.4 


*Watershed Length: The longest straight line distance connecting the watershed outlet and the drainage divide 


**Watershed Width: The longest straight line distance perpendicular to the watershed length axis connecting 
two points on the drainage divide 
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(ic. alv67 to 197e). 

The 1970 to 1974 period also provides a reasonable analog of 
the long term watershed behavior. Over this time, the mean annual 
precipitation was 543 mm and the mean annual discharge rate was 
0.31 cms. The calculated long-term mean values are 538 mm and 0.29 
cms respectively (Holecek, 1970). Thus in terms of input and output 
volumes, the 1970 to 1974 period closely approximates the long-term 
mean. During this period 70% of the mean annual water yield was 
discharged in the spring months of March to May, and four years were 
dominated by spring runoff while one year was dominated by summer 
runoff. This is in agreement with the expected long-term behavior of 
the watershed. 

The hydrographs (Fig. 5) show that in most years there are two 
major runoff peaks; one in the spring associated with snowmelt and 
one in early summer associated with the period of maximum precipitation. 

The nature of spring runoff in any year is a function of the 
water equivalent of the snowpack at the beginning of snowmelt, 
temperature conditions, rainfall, and the saturation condition of the 
watershed. The long-term mean values for various water balance 
elements during spring runoff are given by Holecek (1979) as follows: 


1. Water equivalent of the snowpack at the 


beginning of spring runoff = 119 mm 
2. Rainfall during spring runoff = 27 mm 
3. Evapotranspiration during spring runoff = 32 mm 
4, Watershed storage increase = 63 mm 


5. Spring runoff = 51 mm 
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The nature of spring runoff in any given year reflects the annual 
variation of these elements. 

The mid-summer runoff peak primarily represents the interaction of 
the rainfall and the saturation condition of the watershed. The values 
of the water balance elements have not been isolated for this event but 


Holecek (1979) gives the long term mean annual values as follows. 


1. Precipitation = 538 mm 
2. Evapotranspiration = 315 mm 
3. Storage increase = 141 mm 
4, Runoff = 82 mm 


In comparing these annual values to the spring values, it is 
apparent that runoff generation is much less efficient in summer than 
in spring. The runoff efficiency (i.e. ratio of precipitation to runoff) 
for the spring is 0.35 compared to 0.15 for the year as a whole. This 
is due primarily to increased evapotranspiration during the summer and 
soil moisture recharge which occurs in the fall. 

During the 1970 to 1974 period, 87 mm of the mean annual precipi- 
tation was output by streamflow to give a runoff efficiency of 0.16 
for the watershed as a whole. The runoff efficiency of the gauged 
tributaries range from 0.21 for Bridlebit Creek to 0.12 for Rocky Creek. 
Runoff efficiency is inversely related to the proportion of landlocked 


or enclosed drainage agea of the watersheds (Holecek, 1970). 


2.5 Drainage Network 


Drainage network indices are given in Table 3 along with watershed 


i 
«* 


+0 not sasnetnt oA? 23n wears" Tenia. neq aaa sani. 
eaiitey ant .vstizvo2'sw ont Yo nots thes not terutse sft ‘brs 1S sel 


3G treve Zin? tot beseis 2? need ton sven atiteme ts sonasd 1 ow odd t 


-2woffot 25, 2oulsy Taunne finsm pres prof afl? sovte corer), Asdafe 


ain BE2 = nottestatoest.« an 
mn Cte + notsertqensi3oqeva.. 8 , 
non PRY ae s26etont alias i, 
mn 38 = tonul_ aA ius 


et $F .29ulev patiae sdt oF zauTay feunns seont pntysqmo in 1 


he 
nei? vemmue nt Instotits eaef faym St Aotsexeneo Ftonuy edt 20 3154q) 


(Froauy oF nottstrorserq te ofser .S.F) yonptottts TWonuy ont — n 


ma 


2faT .sfornw 5 25 tsey. sAd not af. oT od Hexsqmos c£.0 2t — ty 70 


bns yammwe oft onfaub nofJerfqensyt agave bszsstont od vl Pramig he 
a e 7) 
Tat ant at atupa0 fistiw setsdos swutaton 


-tqtoera [sunns nsow etd +O FB -boPteq ayer oF OVOT ree . A. 


r 


Dito yonstattts tqnts. svt bab asor3e vd ony 


ca & 


~ 
fT | 
~ t 


bepusn st? to-y2 netat FP %a, Hone: aT aston 5 26 nasie ve 
wast) yooh wit ST.0 of aeeyD fide Fore wr fs. 0 aost 20 
bedsotbnal to noi tonbyy snt of said uloeraunt ee Z ‘ 


' 


Aver 231) ate at 0 a8 oh 


a 
¢ Shey ’ oe Ae 
j mitt ds ¢ tn 
Fr i) gh > ewe ee 
— ee Sly » 
bath aw DTW sia aru ar navi 
d 
‘ea le @ 
CAs 
: - 
22) 
te Th » 
he - a 7 


form indices. Drainage densities were computed by the “contour 
crenulation" method. The drainage network given on the topographic 
base map was first expanded as indicated by the contour configuration 
and then drainage densities were computed for the expanded network. 
Elsewhere, this method has produced results in close agreement with 
field surveys (Morisawa, 1957). However, this may not be the case 
for Spring Creek Watershed. Air photo interpretation reveals that a 
number of the synthetic drainage lines are interrupted by muskegs 
through which no distinct stream channel exists. Therefore the 
drainage density values should be treated as a measure of the 
relative watershed dissection by both past and presently active 
stream channels. 

Spring Creek Watershed as a whole has a drainage density of 
2 km/ km. The values for its tributaries range from 2.8 km/ km? 
in Wolverine Creek to 1.4 km/kme in Upper Spring Creek. 

When the synthesized drainage network was ordered by the Strahler 
(1964) method, Spring Creek was designated a fifth order stream. The 
bifurcation ratios of the network are well within the range expected 
for watersheds in which geologic structure is not a dominant influence 
on drainage patterns. 


Log jams and beaver dams which obstruct the stream channels are 


water and sediment storage sites. Several larger lakes have been created 


by beaver dams and are now permanent features of the landscape. 


2.6 Watershed Morphology 


Spring Creek Watershed is roughly semi-circular in shape with a 
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length to width ratio of 1.4. Its outlet is 610 m above sea level 
and it has a relative relief of 180 m. 

A hypsometric curve of the watershed (Fig. 6) was constructed 
by measuring the area enclosed between contours drawn at 6 m intervals. 
The hypsometric integral of 0.63 indicates that much of the relative 
relief of the watershed is concentrated in a small area near its 
mouth. Such a large hypsometric integral implies that the watershed 
is in a state of geomorphic disequilibrium (Strahler, 1952). 

Figure 7 shows the channel profiles of Spring Creek and its 
tributaries. There is a distinct knickpoint on all the streams near 
the elevation of 690 ma.s.1. Another knickpoint is seen on the 
Spring Creek profile just downstream of its junction with Horse Creek. 
Since no geologic controls are acting directly on the profile con- 
figuration, it is inferred that these knickpoints mark episodes of 
channel incision in response to local base level lowering by the 
Simonette River. The present disequilibrium condition of the water- 
shed can be attributed mainly to the incision of the lower reaches of 
Spring Creek channel. 

The term "geomorphic disequilibrium", as it is used here, does 
not imply a total lack of mutual adjustment among the various elements 
of watershed hydrology, sediment yield, and morphology. Rather it 
refers to the fact that at the scale of geologic time, the watershed 
is presently undergoing a rapid readjustment to a change in boundary 


conditions. 


2.7 Land Use 


Environmental disturbances have been limited and the watershed 
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FIGURE 6: HYPSOMETRIC CURVE OF SPRING CREEK WATERSHED 
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is essentially in a wilderness state. The forest cover is now well 
recovered from major fires which occurred prior to 1950. Livestock 
grazing in the meadow lands adjacent to Horse and Wolverine Creeks 
was discontinued in 1966 when the watershed was selected as a research 
area. At this time, Alberta Environment constructed the main access 
road through the watershed. Previously existing roads established 
by timber and oi] interests were not maintained and are now more 
appropriately designated as trails. While there is no record of 
logging within the watershed, oil exploration involved clearing of 
siesmic lines and well sites. These areas are fully revegetated 
although they can still be recognized by the relative youthfulness 
of their forest cover. Several cleared right-of-ways, presumably 
established for survey purposes, cross the watershed. They support 
a lush vegetation cover. In the winter of 1977, a pipeline was 
constructed through the watershed and crosses Spring Creek near its 


mouth. The pipeline right-of-way is not revegetated. 
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3. SAMPLING AND MEASUREMENT TECHNIQUES 


3.1 Streamflow Measurement 

Alberta Environment measured streamflow at the Spring Creek 
Watershed mouth and on five tributary streams from 1967 to the present. 
River ene was recorded over most of the open water period and then 
converted to streamflow rates by the use of stage-discharge relation- 
Ships. It should be noted that streamflow measurements were taken at 
the mouth of Horse and Wolverine Creeks but on Rocky and Bridlebit 
Creeks, the gauging stations were situated some distance upstream of 


the junction with Spring Creek (see Fig. 4). 


3.2 Sampling Sites 

Alberta Environment took aperiodic sediment and solute samples 
immediately downstream of each streamflow gauging station. On 
Bridlebit, Rocky, and Upper Spring Creek, samples were obtained down- 
stream of "V" notch weirs. These structures act as sediment traps 
and therefore, samples taken downstream of them would not usually 
provide a reliable measure of sediment output from the watershed area 
upstream. However, this is not true in the study watersheds. 

The weirs are located in streams which support a succession of 
beaver dams. Often, one beaver dammed pond merges into the next with 
no connecting channel and tangled masses of brush and logs choke the 
channels in those few places where beaver dams do not. In every case, 
a large lake is located a short distance upstream of the weirs. 
Therefore, the weirs can be considered as artificial features which 


affect the water and sediment flow very much as the natural features 
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of the channel do. In fact, two of the weirs have been adopted by 
beavers which make their presence known by a continuing effort to dam 
the weir notch. On Horse, Wolverine and Spring Creek, the structural 
controls do not dam streamflow and thus have no sediment trapping 
effect. 

The main access road crosses all of the tributary streams near 
the streamflow gauging and sampling sites. At the Spring Creek sta- 
tion, the cumulative input of sediment from the main road is measured. 
On all of the tributaries except Wolverine and Rocky Creek, samples 
are taken immediately downstream of the points where the main road 
crosses the streams. On Rocky Creek the samples are taken upstream 
of the road crossing and on Wolverine Creek, they are taken approxi- 


mately 1.5 km downstream of the road crossing. 


3.3 Sampling Procedure 

In general, samples were taken on a daily basi during peak flow 
events and otherwise taken once every week or two. This provided an 
average of 23 samples per year for Spring Creek over the period 1967 
to 1976. A slightly lower frequency of samples is available for the 
tributary streams. 

Samples were usually taken in a single vertical at the centre of 
the stream using a DH-48 depth-integrating sampler. At very low 
flows sample bottles were simply dipped in the streams, and at very 


high flows, a DH-59 cableway sample was used to sample Spring Creek. 


3.4 Sample Analysis 
The samples were analyzed by the procedure given by Guy (1969), 
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which involved determination of the sample volume and subsequent 
filtration to extract the suspended sediments. The sediment was then 
oven-dried and its weight measured. The sediment concentration was 
computed and expressed in mg/1. In addition, an aliquot of the 
filtrate was evaporated. jie weight of the residue per aliquot 
volume gave the solute concentration. This was also expressed in 


mg/1. 


3.5 Sediment Discharge Computations 

Water Survey of Canada (1976) used the sediment concentration 
data in conjunction with the streamflow records to compute sediment 
discharge. No such operation was done with the solute data. Sedi- 
ment discharge computations essentially followed the method given 
by Porterfield (1973). A mean daily sediment concentration value for 
sample days was determined by consideration of the measured sediment 
concentration and the hydrograph shape for that day. Mean daily 
concentration values for the intervening period were then derived by 


interpolation and adjusted for streamflow characteristics. 


3.6 1977 Sediment Measurements 

During summer of 1977, a more detailed sampling program was 
conducted by this researcher. Samples were taken on a once or more 
daily basis during high flows and less frequently during low flows. 
A total of 750 samples were obtained for an average of 27 samples 
per station per month. The previously established sampling sites 
were used on all of the tributary streams. The construction of a 


pipeline corridor across Spring Creek near its mouth necessitated a 
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re-establishment of the main sampling site. Samples were taken 
immediately upstream and cownstream of the pipeline right-of-way 
(see Fig. 5 for location). 

Sampling and analysis procedures followed those previously 
established by Alberta Environment. Solute concentrations were, 


however, not determined. 
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4. TEMPORAL ASPECTS 


4,1 Mean Annual Sediment Yield 

Between 1970 and 1974, the annual sediment yield of Spring Creek 
Watershed ranged from 329 tonnes to 10,244 tonnes and averaged 3484 
tonnes. The annual sediment concentration varied between 69 mg/1 
and 606 mg/1 with a mean of 356 mg/1 (see Table 1 for annual data). 

Annual water yield and annual sediment concentration over this 
period are highly correlated (r = .98). A regression line fitted to 
this data predicts that for a year with a mean streamflow rate of 
0.29 cms (i.e. the long term mean rate calculated for Spring Creek) 
the sediment concentration will be 254 mg/1. As there are few data 
in the analysis, a high standard error of prediction is associated 
with the regression. The product of the water yield and sediment 
concentration for the "mean" year gives the mean annual sediment 
yield to be 2326 t/yr + 878 tonnes, or in areal terms, 2] t/km*/yr + 
8 tonnes. 

An alternate estimate of the mean annual sediment yield was made 
by the sediment rating - flow duration curve method (Miller, 1951; 
Piest, 1964). A sediment rating curve relating instantaneous sedi- 
ment concentration to instantaneous streamflow rates was developed 
(see Chapter 7). This was applied to a mean daily flow duration 
curve (Fig. 8 from Holecek, 1970) such that the sediment load for 
small increments of the duration curve were computed and then summed 
to obtain a mean annual sediment yield estimate of 1594 t/yr. While 


it is not possible to place realistic confidence limits on this 
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estimate, it has been shown (Walling, 1971, in Gregory and Walling, 
1973) that in small watersheds, the use of an instantaneous rating 
curve with mean daily streamflow data will underestimate the sediment 
yield and that this underestimate may be as great at 50%. 

This is likely due to the fact that mean daily streamflow values 
fail to account for the peak flows which produce the highest sediment 
concentrations. For Spring Creek, the sediment concentration values 
generated in the sediment rating - flow duration curve calculations 
range from 271 mg/1 to 12 mg/1, yet the range which has been measured 
and is shown in the rating curve is 2306 mg/1 to 4 mg/1. Accepting 
that this method has underestimated the mean annual sediment yield 
and that the underestimate may be as high as 50%, the true value 
should lie between 1594 t/yr and 3188 t/yr. These values are in 
agreement with those estimated previously. 

Significant relationships do not exist between the annual water 
and sediment yields of the tributaries, and their sediment rating 
curves are either insignificant or have very poor predictive abilities. 
Therefore, estimation of their mean annual sediment yields by the 
methods applied to the Spring Creek data was impossible. The mean 
annual sediment yield of the tributaries over the 1970 to 1974 period 


is given in Table 4. 


4.2 Mean Annual Solute Yield 
The sediment rating - flow duration curve method is better suited 
to the calculation of solute yield than sediment yield, at least in 


this instance. Rating curves (see Chapter 7) show that solute 
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concentrations are negatively correlated with discharge and vary only 
Slightly at higher flows. Therefore the volume of water yield is 
more important than its flow distribution in determining solute yield. 
The Spring Creek solute rating curve covers a range of concentrations 
from 333 mg/1] to 110 mg/1 while the solute rating - flow duration 
curve calculations employ a range of 322 mg/1 to 138 mg/l. For the 
above reasons, the mean annual solute yield estimate of 1484 tonnes 
obtained by this method is considered reliable. This gives a mean 
solute concentration of 162 mg/1. Assuming a mean annual sediment 
yield of 2326 tonnes, the ratio of sediment yield to solute yield is 
Tepbie 


4.3 Seasonal Patterns 

Mean monthly water and sediment discharge of peeing Creek for 
the 1970 to 1974 period are given in Table 5. Figure 9 illustrates 
this data in the form of a sedi-hydrogram which is constructed by 
plotting mean monthly sediment yield per unit area against mean 
monthly water yield per unit area and then joining the points 
sequentially. Only the four months of April to July are plotted but 
these account for 99% of the mean annual sediment yield. 

April provides 68% of the annual sediment yield but only 49% of 
the water yield. In contrast, May contributes only 8% of the sediment 
yield but 22% of the water yield. This can be explained by the 
difference in runoff characteristics between the two months. The 
rising limb and the peak of the spring runoff hydrograph usually 


occur during April. Therefore much of the runoff in this month is 
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FIGURE 9: SEDI-HYDROGRAM OF SPRING CREEK WATERSHED 
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discharged under peak flow conditions which generate the highest 
sediment concentrations. Most of the May runoff can be considered 
part of the recession limb of the spring hydrograph and is character- 
ized by sustained moderate flows with a large baseflow component. It 
produces a substantial volume ate ceases but only generates inter- 
mediate sediment concentrations. 

During June and July, runoff is usually less and is marked by a 
number of minor peaks. Both months show a balance between rising 
and falling flows. As a result, sediment discharge occurs in roughly 
the same proportion as water discharge. 

The sedi-hydrogram shows that the monthly pattern of sediment 
and water discharge is the same for the tributaries as it is for 
Spring Creek. This is expected since they share a similar runoff 
pattern and experience their highest sediment concentrations during 
the peak flows of spring. 

Spring runoff is even more important in sediment production than 
in runoff production. April and May (1970-1974) account for 71% of 


the mean annual water yield and 76% of the mean annual sediment yield. 


4.4 Time Distribution 

Most of the sediment discharge of the watershed occurs in a very 
short period of time each year (see Table 6). Between 1970 and 1974, 
the sediment discharge of an average of four days per year (j.e. 1% of 
the time) accounted for 50% of the annual sediment discharge. As well, 
90% of the annual sediment yield could be accounted for by the sediment 


discharge of an average of 18 days per year (i.e. 5% of the time). 
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In contrast, the solute discharge is much more evenly distributed 
over time. The solute rating - flow duration curve calculations show 
that over 75 days per year (i.e. 25% of the time) are required to 


account for 90% of the solute yield. 
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9. SPATIAL ASPECTS 


5.1 Spatial Variation in Sediment Yield 

An attempt was made to explain the variation in sediment yield 
among the tributary watersheds on the basis of several physical factors. 
Sediment yield per unit area was related to runoff efficiency, drainage 
density, watershed relief, and watershed area. No significant correla- 
tions were found. An examination of the Land Systems Map (Fig. 3) 
indicates that neither surficial geology or forest cover can explain 
the variation in sediment yield among the tributary watersheds. 

It was previously noted that Spring Creek Watershed is ina 
state of geomorphic disequilibrium. The knickpoint on Spring Creek 
near its mouth marks the most recent response of the watershed to a 
reduction in its base level. The stream channel downstream of this 
knickpoint is steep (9 m/km) and is incised in a deep, narrow valley 
which lacks a floodplain. The valley sides are steep, convex, and 
despite forest cover, are subject to massive and extensive slumping. 
Upstream from the knickpoint, Spring Creek has a gentler slope (3.5 
m/km), a broader valley, and meanders largely within its own flood- 
plain. 

The knickpoints on the tributaries mark the watershed response 
to an older drop in its base level. A distinct difference similar 
to that on Spring Creek is apparent between the stream valley charac- 
teristics upstream and downstream of these knickpoints. However the 
valleys downstream of the knickpoints on the tributaries appear to 


be less unstable than the comparable reach of Spring Creek. They 
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are not as deep and narrow, and slumping does not occur on the same 
massive scale. 

The knickpoints on Spring Creek and its tributaries subdivide 
the watershed into zones of varying stability or intensity of geo- 
morphic activity. It is in the context of this zonation that the 
variation in sediment productivity within the watershed can be 


explained. 


5.2 Bridlebit Creek and Upper Spring Creek 

Bridlebit Creek and Upper Spring Creek are gauged upstream of 
their respective knickpoints. Both watersheds produce similarly low 
amounts of suspended sediment; Bridlebit Creek yields 1.3 t/km@/yr 
and Upper Spring Creek yields 1.6 t/km@/yr. It is probable that not 
all of their sediment output is the product of erosion. 

Organic material was observed to be carried in suspension in the 
streamflow. Some of this material is tne organic component of soils 
which have been eroded, but most is likely the product of biologic 
activity within the lakes and streams. The warm, shallow, nutrient- 
rich lakes support algal and other aquatic growth in the summer 
months and some of this material is carried in suspension in the lake 
outflow. 

As sample analysis involved drying the filtered suspended solids 
at a temperature insufficient to ignite the organic material (i.e. 
110°C), this material was measured as sediment. Therefore, the 
sediment yields of these watersheds, low as they are, do not represent 


the products of erosion only, but rather the cumulative effects of 
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erosion and biologic activity. 

For these watersheds, there is a tendency for sediment concentra- 
tions to be negatively correlated with discharge (see Chapter 7). 
This pattern is most marked: in Upper Spring Creek during the summer. 
Biologic sediment production probably occurs at a relatively constant 
rate in the lakes during the summer and as discharge increases sedi- 
ment concentration is reduced by a dilution effect. 

The fact that the sediment output of these watersheds is very 
low does not necessarily imply that erosion rates everywhere within 
them are low. There may be small areas of intense erosion in their 
more rugged headwater regions. However, the products of this erosion 
never reach the watershed outlet, at least not in terms of the time 
scale with which human activity is concerned. The muskegs and beaver 
dammed ponds along the stream channels act as filters of variable 
efficiency which allow the throughflow of water but block the passage 
of most sediment. 

Sediment measurements on Bridlebit and Upper Spring Creeks are 
made downstream of road crossings. There is very little relief in 
the vicinity of the Upper Spring Creek gauging station and it is 
unlikely that substantial amounts of surface runoff or sediment are 
derived from the road. Yet the sediment concentration at this site 
is nearly the same as that measured on Bridlebit Creek where relief 
in the vicinity of the gauging station is much greater. This implies 
that the stable and well-designed road crossings on these creeks 


contribute relatively little sediment to the streams. 
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5.3 Horse, Wolverine, and Rocky Creeks 
Horse, Wolverine, and Rocky Creeks are gauged downstream of their 
respective knickpoints. The watershed areas upstream of the knickpoints 


on Horse, Wolverine and Rocky Creeks have environmental characteristics 
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similar to those of the gauged areas of Bridlebit and Upper Spring Creeks. 


Most especially, they have in common the presence of "filters" in their 
streams which inhibit sediment movement. Therefore it is expected that 
all these areas will have similarly low sediment yields. 

A number of samples were taken on Wolverine Creek during 1977 at 
the channel knickpoint (see Figure 4 for location). In every case, 
the sediment concentrations of the samples were comparable to those taken 
concurrently on Bridlebit and Upper Spring Creeks. It follows that the 
sediment yield of the watershed area upstream of the knickpoint on 
Wolverine Creek must be of the same order as that measured for Bridlebit 
and Upper Spring Creeks. 

The sediment yield per unit area and the mean sediment concentration 
values measured at the mouths of Horse and Wolverine Creeks are much 
greater than those expected at their knickpoints. Therefore the sediment 
yield downstream of the knickpoints must be higher than that upstream of 
them. 

Horse and Wolverine Creeks differ in their sediment dynamics. The 
mean sediment concentration and yield per unit area of Wolverine Creek 
is six times that of Horse Creek. The application of both the sediment 
rating curve and the sediment yield per unit area values for Horse 
Creek to Wolverine Creek predict a mean sediment yield of 25 t/yr in 
contrast with its measured sediment yield of 151 t/yr. Obviously the 


difference in sediment yield is not explained by the difference in water 
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yield or watershed area. It then follows that Horse Creek is 
an anomalously low sediment producer, or that Wolverine Creek is 
anomalously high, or both. 

It appears that Horse Creek more closely represents the norm. 

In Rocky Creek Watershed where sediment output is measured midway 
between the knickpoint and the watershed outlet, the mean sediment 
concentration is 22 mg/1. Also, when the large enclosed drainage 
area in its northern portion is excluded from analysis, Rocky Creek 
has a measured sediment production of 1.9 t/km*/yr. These values 
are much closer to those of Horse Creek than to those of Wolverine 
Creek (see Table 4). 

The sedi-hydrogram (Fig. 9) also illustrates the difference 
between the sediment dynamics of Wolverine Creek and the other tributar- 
jes. The line representing Wolverine Creek shows that it produces much 
more sediment per unit runoff and unit area than the other tributaries. 

There are several features of Wolverine Creek Watershed which 
could account for its high sediment production. The lower portion of 
Wolverine Creek Watershed was used for livestock grazing for a number 
of years following a forest fire and this inhibited the regrowth of 
willows and other shrubs along the stream channel (MacIver, 1966). 
Valley side stability was thereby reduced and extensive slumping 
followed. MacIver (1966) also shows that cattle trails leading down 
to Wolverine Creek suffered severe erosion and developed into gullies. 
While grazing was discontinued in 1966, its impact was no doubt felt 
for a number of years thereafter. 


Wolverine Creek Watershed contains approximately five times the 
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length of road that is present in Horse Creek Watershed. The road 
crosses Wolverine Creek at two sites. The crossing closest to the 
watershed mouth is quite unstable. During the summer of 1977, the 
bridge approach at this crossing was twice lost by mass movement and 
in each case about 5 m> of material was transported into the stream 
channel. A vehicle approach to the stream channel exists at the 
Streamflow gauging site and, between the main road crossing and the 
gauging station, the road is crossed by several culverts. The road 
and the culverts channelize the runoff from meadow lands to the west 
of Wolverine Creek, which previously moved toward the stream via 
numerous smaller channels and subsurface drainage. 

In 1971 a small area (6 ha) in the lower portion of Wolverine 
Creek Watershed was cleared of its natural vegetation cover and 
converted to pasture as part of an experimental project (Holecek and 
Noujaim, 1971). This reduced the duration and increased the volume 
of spring runoff from this area. 

It is impossible to precisely quantify the effect of land use on 
the sediment yield of Wolverine Creek, but environmental disturbances 
in the lower portion of its watershed, a zone of geomorphic disequili- 
brium, have been greater than elsewhere and have produced a substantial 
increase in sediment yield. There are no major differences between the 
natural environmental character of the lower portions of Horse and 
Wolverine Creek Watersheds and therefore it is reasonable to assume 


that the higher sediment productivity of Wolverine Creek js largely due 


to land use impacts. 
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5.4 Spatial Sediment Budget 

The measured contribution of each gauged tributary and the un- 
gauged tributary area to the total water yield, sediment yield, and 
area of Spring Creek Watershed is given in Table 7. This is a spatial 
sediment and water budget. It shows that 92.2% of the Spring Creek 
sediment yield is derived from the ungauged tributary portion of the 
watershed, 23.9% of its total area. Figure!0 illustrates the dis- 
crepancy between the sediment yield of the tributaries and that of 
the watershed as a whole and the discrepancy between the water and 
sediment yield of the ungauged tributary area. In order to refine 
the sediment budget the ungauged portion of the watershed was sub- 
divided on geomorphic grounds and the sediment yield of these sub- 
divisions was estimated on the basis of the measurements made in gauged 
portion of the watershed. 

First, mean water yields of the ungauged portions of Rocky and 
Bridlebit Creeks were estimated by dividing the water yields measured 
at their gauging stations by the effective runoff generating areas 
(i.e. the watershed areas topographically connected to the stream 
channels) given by Holecek (1970) and then applying this rate to the 
area of the ungauged portion of the watersheds. 

The Horse Creek sediment rating curve indicates a sediment yield 
of 48 t/yr at the mouth of Rocky Creek and 99 t/yr at the mouth of 
Bridlebit Creek. Applying the sediment yield per unit area of Horse 
Creek to the drainage areas of Rocky and Bridlebit Creeks upstream of 
their junction with Spring Creek predicts yields of 50 t/yr and.55 


t/yr respectively. 
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The mean sediment concentration measured at the Rocky Creek 
gauging station is 22 mg/1]. This measurement is taken about one km 
downstream of the knickpoint. Leopold, Wolman, and Miller (1964) 
show that elsewhere sediment load increases downstream as the 0.8 to 
1.3 power of discharge. In other words, sediment concentration changed 
very little in the downstream direction even though discharge increased 
substantially. Of course, this would only hold true where environmental 
conditions did not change drastically in the downstream direction. 
Since this is the case for Rocky Creek downstream from its gauging 
Station, the mean sediment concentration at the watershed mouth should 
be little different from that measured at the sampling site. 

Between 1970 and 1974, the measured mean annual sediment concen- 
trations of Rocky Creek was not significantly correlated with its 
annual water yield, and only ranged between 18 mg and 25 mg/1 (i.e. 
range is approximately + 15% of the mean) while the annual water yield 
ranged from 703,000 m° (i.e. range is approximately + 45% of the mean). 
Also, sediment concentration is only very weakly or insignificantly 
related to water discharge in this watershed (see Chapter 7). Sedi- 
ment concentration, then, changes little despite large fluctuations 
in annual water yield and is poorly correlated with streamflow rates. 

This is also true of Bridlebit Creek. Therefore the difference 
in the mean annual water yield of these streams should not of itself 
produce a substantial difference in their mean sediment concentrations. 
Since Bridlebit and Rocky Creeks share virtually identical environ- 
mental conditions along their lower reaches, they are expected to have 


nearly the same mean sediment concentrations at their mouths. 
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In order to estimate the sediment yield at the mouth of Rocky and 
Bridlebit Creeks, two assumptions were made. First, it was assumed that 
the mean sediment concentration at the mouth of Rocky Creek was the same 
as that measured at its gauging station (i.e. 22 mg/1). Secondly, the 
mean sediment concentration at the mouth of Bridlebit Creek was assumed 
to be the same as that of Rocky Creek. 

The product of the mean sediment concentration and the estimated 
water yield at the mouth of each watershed gave a mean annual sediment 
yield of 52 t/yr for Bridlebit Creek and 31 t/yr for Rocky Creek. These 
values are slightly less than those calculated previously by applying the 
relationships from Horse Creek. The heavy forest cover and numerous 
beaver dams present in the lower watersheds of Rocky and Bridlebit Creeks 
but absent from that of Horse Creek are expected to inhibit sediment 
production. Therefore estimates calculated using the measured sediment 
concentration of Rocky Creek are considered more correct. 

The sediment yield from the ungauged portion of Bridlebit Creek is 
ie Lf yr. or. 22 t/km2/yr. This is the difference between the measured sedi- 
ment yield of the gauged area and estimated sediment yield of total water- 
shed, and corresponds to the sediment contribution of the watershed area 
downstream of the knickpoint. In contrast, the area upstream of the 
knickpoint only yields 1.3 t/km@/yr. 

Assuming the sediment concentration of the outflow from the upper 
portion of Rocky Creek Watershed is the same as that of Bridlebit Creek, 
the sediment yield of this area is 8 t/yr. Therefore the sediment yield 
from the lower portion of Rocky Creek Watershed is 23 t/yr or 12 t/km@/yr. 


The water yield of Willow Creek, the largest ungauged tributary, 
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was estimated by using the runoff per unit area figure for Upper Spring 
Creek. Since Willow Creek is similar in most respects to Rocky Creek, 
it is expected to have about the same mean sediment concentration. The 
product of estimated water yield and sediment concentration of Willow 
Creek gave a sediment eieldeee aR AY om 

Just as the tributary watersheds are divided into two distinct units 
by a knickpoint, so is the interbasin area (i.e. the ungauged tributary 
area less the area of Willow Creek Watershed and the lower portions of 
Rocky Creek and Bridlebit Creek watersheds). The entire interbasin area 
has a mean annual water yield of 829,000 m° (i.e. difference between sum 
of estimates for tributaries and total measured for Spring Creek). Assuming 
that the interbasin area upstream of the major knickpoint on Spring Creek 
(i.e. the upper interbasin area) has a water yield of 825,000 me with a 
mean sediment concentration equivalent to that of Rocky Creek, it would 
have a sediment yield of 18 t/yr. 

Recalculating the sediment budget (Table 8), all of the Spring Creek 
watershed upstream of the major knickpoint on Spring Creek channel has 
a sediment yield of only 332 t/yr. The area downstream of this knick- 
point (i.e. the lower interbasin area) has a sediment yield of 3152 t/yr 
which must be derived almost entirely from the channel and the valley 


sides, an area of approximately 1.5 km? 


5.5 Sediment Sources 

Data from the revised spatial sediment budget (Table 8), was used 
to construct the Sediment Contributing Zones Map (Fig. 11). This map 
shows the contribution of sediment by tributary areas to that measured 


at the watershed mouth, it does not show erosion intensity. It 
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illustrates the net sediment output remaining after the various sedi- 
ment filters have acted on the products of erosion. 

The majority of the watershed contributes little or nothing to 
the total sediment output. In fact, a part of the measured sediment 
output from the upper watershed is not derived through erosion but 
rather through biologic activity in streams and lakes. 

The intermediate zone, containing the lower portions of the 
tributary watersheds, contributes sediment at a higher rate. The 
lower portions of the tributary watersheds and the area immediately 
downstream of the Upper Spring Creek gauging station are in disequili- 
brium, that is, the stream channels are still adjusting to past 
changes in base level. 

The lower portion of Wolverine Creek is classified separately 
due to its high sediment production. If it were not for the land 
use impacts in this area, sediment production would probably be of 
the same order as that observed in the other tributaries. 

The Spring Creek valley downstream of the Horse Creek junction 
provides over 90% of the total sediment output of the watershed. 

The channel in this zone is in disequilibrium; it is readjusting to 
past changes in the elevation of the Simonette River channel. The 
sediment productivity of this area is further enhanced by the fact 
that the channel is partly incised through older fluvial deposits, 


namely terraces of the Simonette River. 


5.6 Factors Controlling the Spatial Pattern 
In the development of the spatial sediment budget and the 


Sediment Contributing Zones Map (Fig. 11), three dominant factors have 
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been identified as controlling the pattern of sediment production. 

First, the anomalously high sediment yield of Wolverine Creek 
is attributed largely to land use impacts. Relatively minor and 
spatially limited environmental disturbances which produced instabil- 
ity along the stream channel have probably caused a substantial 
increase in the watershed sediment output. 

Second, the beaver dams protect the stream channels and reduce 
the sediment delivery ratios of the watersheds by acting as sediment 
traps. They also limit channel erosion and sediment production down- 
stream by serving as water storage sites and thereby reducing peak 
Flows. 

Third, sediment sources are most especially defined by the water- 
shed morphology. Changes in base level have caused the channels to 
readjust by removing vast quantities of material in order to maintain 
accordance with the new base level. The zones of highest sediment 


production are coincident with the disequilibrium knickpoints. 
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6. IMPACT OF THE PIPELINE RIGHT-OF-WAY 


During the winter of 1977 a pipeline was constructed across 
Spring Creek near tne watershed mouth (see Fig. 4 for location). 
The erosion of the pipeline right-of-way and its sediment contribu- 
tion to Spring Creek were monitored between April 9th and 11th and 


between May 5th and August 24th of 1977. 


6.1 Site Characteristics 

The pipeline right-of-way is 30 m wide and follows the fall line 
of the slope. It was cleared of vegetation over its full width in 
order to facilitate the movement of construction equipment. 

In an attempt to protect the right-of-way surface from erosion, 
it was covered with the forest debris obtained from the clearing 
operation. To divert runoff away from the slope, a berm was con- 
structed across the right-of-way at the crest of the south valley 
side and a tractor trail running diagonally across the right-of-way 
was left on the north valley side. 

The pipeline crossing is located shortly downstream of the 
knickpoint on Spring Creek channel. The valley sides in this area 
have overall slope angles of 20° to 25°. The slopes are convex and 
become steeper near the stream. Extensive valley side slumping 
occurs upstream and downstream of the right-of-way despite a dense 


spruce and poplar growth. 


6.2 Sediment Yield 
Between May 5th and August 24th of 1977, Spring Creek Watershed 
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upstream of the right-of-way yielded 10,652 x 10° m° 


of runoff with 

a mean sediment concentration of 428 mg/l. This is a sediment yield 
of 4559 tonnes. Immediately downstream of the right-of-way, the mean 
sediment concentration was 583 mg/1 and the sediment yield was 6209 
tonnes. The difference of 1605 tonnes is the sediment yield of the 
pipeline right-of-way. This is a 36% increase of the sediment yield 
of the watershed. 

The total amount of material eroded from the right-of-way was 
greater than 1605 tonnes. Only-the sediment which was discharged in 
suspension was measured and not material which was transported by 
traction along the stream bed. 

The sediment yield of the right-of-way must have been derived 
from the area between the berm on the south valley side and the main 
road crossing on the north side since these features blocked any 
sediment input from upslope. This is a sediment contributing area 
of .005 km°. Therefore the sediment yield of the right-of-way, in 


areal terms, was 33,000 t/km?. In contrast, the sediment yield of 


the watershed upstream of the right-of-way was 40 t/km?. 


Sooemerosion Processes 

The erosion of the right-of-way followed a different sequence 
on each side of the valley. Soil pipes developed on the south valley 
side. These collapsed and provided channels for subsequent mudflows. 
On the north side of the valley, most slope wasting occurred as 
massive slumps. Overland runoff produced rills and small channels 


on both slopes but these were minor in comparison with the major 
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Slope failures. 

The surficial materials above the crest of the south valley side 
are of alluvial-aeolian origin. The slope of the right-of-way sur- 
face’on this side of the valley was reduced by cutting into the crest 
of the valley and moving the excavated material downslope. This 
covered the right-of-way surface with sand and silt. As less per- 
meable materials exist below this surface cover, precipitation 
percolated rapidly through the surface materials and then moved 
downslope along a less permeable horizon. This runoff process on 
the steep slope of the right-of-way surface led to the rapid and 
extensive development of soil pipes. These subsequently collapsed 
and provided channels for mudflows. 

Under such conditions, the construction of a berm across the 
upper portion of the right-of-way was of limited value. Most runoff 
moved toward the stream in subsurface channels and the catchment 
area of the right-of-way slope on the south valley side was deter- 
mined more by the configuration of the underlying strata than by 
that of the ground surface. 

A road crosses the right-of-way just above the crest of the 
north valley side. The pipeline right-of-way follows a minor 
drainage course for a short distance upslope from the road. Runoff 
is funnelled to the crest of the right-of-way slope by the drainage 
course and the road ditches. Here it is blocked by the road and 
ponds. In order to reach the stream channel, the ponded water must 
percolate sufficiently deeply to pass beneath the packed road bed. 


These conditions produced a shallow groundwater system which helped 
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develop and lubricate shear planes at depth and reduced slope 
stability. 

Figure 12 shows that the products of the right-of-way erosion 
were discharged from the watershed intermittently. In the course of 
runoff events, the sediment contribution from the right-of-way was 
greatest during the rising stages and decreased at the peak and 
during the initial recession stages. 

Material moved downslope into the channel during low flow 
periods, but the rate of supply exceeded the capacity of the stream 
and thus much of the material remained in storage within the channel. 
During rising stages, this material increased the stream capacity by 
restricting the flow, and provided a ready supply of sediment. As 
peak flow conditions were attained, the channel was cleared and the 
sediment supply largely depleted. The direct input of sediment from 
the right-of-way became insignificant in relation to the high sedi- 
ment loads which were associated with peak flows. 

When flows receded, the sediment contribution from the right- 
of-way gradually increased in relative importance as the natural 
sediment load decreased. Also, slope failure occurring in the 
aftermath of major runoff events placed sediment in transport and 


constricted the stream channel. 


6.4 Erosion Prevention 
It is apparent that surface protection measures were inadequate 
to prevent serious erosion of the pipeline right-of-way. The pipe- 


line crossing was constructed through a zone in which the valley side 
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slopes have been oversteepened by the rapid incision of the stream 
channel. The slopes are therefore unstable even under natural condi- 
tions as is evidenced by the extensive slumping on the forest-covered 
slopes adjacent to the right-of-way. The forest removal and surface 
disturbance associated with the construction of the pipeline aggravated 
this situation and accelerated the rate of slope wasting. 

The surface protection measures applied were of limited value in 
the face of major slope instability. The runoff diversion berm con- 
structed on the south valley side failed since most runoff was occur- 
ring below the ground surface. The road at the crest of the right- 
of-way slope on the north valley side effectively blocked runoff. 
However, it did not divert the water away from the right-of-way slope 
but rather caused it to move downslope at depth, aggravating slope 
instability. 

The erosion problems could have been avoided, or at least very 
much reduced, by a different choice of site. In this case, however, 
the range of available sites was limited by the research nature of 
Spring Creek Watershed. The primary consideration in locating the 
pipeline right-of-way was to minimize its impact on the watershed as 
a whole. For this reason, the pipeline was constructed as near as 
possible to the watershed mouth where its overall impact was mini- 
mized and easily monitored. 

Ideally the crossing should have been located some distance 
upstream of the knickpoint where the valley sides have attained a 
greater degree of natural stability. Under such conditions, 


properly applied surface protection measures of runoff diversion, 


mesys2 edz Yo noketont brows sat 4 
-tinon fewisn vebe neve ofdatenm S¥ Tatty 
bevevoo-F2ev0T shit no entgaiut2 ovizned | : 2 tbe ‘ 
S9e7wWe DAE [svome S2exdh SAT ites | 

betsvetpps anitsaqta eqs to nohtouwtenoo: od be bo 
ONT I 25w sale To S38N okt saiiieis we 

ni ou tev bas tint { [ to syaw batlqqs 2s %vesamy not to: 
amo mysd, hotevsvib Fromiy edT var Pidadepk” votes 
-yuda9 26W YtonLy zon eonie bolts? sbie: voltew diver oft 
-3iaty sit to tesvo aft $6 DBO TSK) 83 te Novere 24 | 
TONY bale Visvitostts sbfe vow ‘cay ine no foe 7 oo 

aqote Ysw-To-Ip ry, 313 mont? VBWs “BTBW | Sia . 3 e : 
satis cn¥revitbos eAtqsb ‘ts acid Comnudtn:cibab " ooues ; | 
yrsy t2e6si Jo 76 _bsbhove nged RS : He ae aad oar 2s ; 


weveword ,9289 2tHt Ale .Sdhe to Salk tas 
. tao 
ee = sii 


tO Studen, Govssesy ard, yd b bani g 


+ pnisgoof We volta. 


i § 


26 bedevetaw ons oo tosqint “24h simi 


26 %59n% 25 ase ca a 
-tnim 26w PORE ares 


* : 
6 ‘ fe 


sonsi2 fb se tat 


debris cover, and revegetation could have been effective in prevent- 
ing serious erosion problems from developing. As it was, major and 
expensive slope stabilization works have been required to correct 


these problems. 


68 


-tneveng at ovttoetts need ‘overt seb a 
’ mis Py 
bas Votan .2ov tf ef .¢ ontgoleveb a mv a 


toa tioa of bavtupss aed seri ee ottes 


7 Asi oa 


- ps! 


or 
Sir” 
é a}? : 
a vi) 
el 
YS 


7. SEDIMENT AND SOLUTE RATING CURVES 


A sediment rating curve illustrates the relationship between the 
water and sediment output of a watershed. Changes in this relation- 
ship through space and time provide clues to the operation of sedi- 
ment related processes in a watershed. Further, if the sediment 
rating curves exhibit consistent shifts or changes, these can be 


employed to advantage in predicting sediment yield. 


7.1 Theoretical Considerations 

Sediment rating curves take several forms. Either sediment 
discharge rates or sediment concentrations are plotted against water 
discharge rates. Instantaneous, mean daily or mean monthly values 
are the most commonly used. The relationship between the two vari- 
ables employed in a sediment rating curve is usually quantified by 
means of simple linear regression. 

Plotting sediment discharge rates against water discharge rates 
can lead to spurious correlations as this approach is equivalent to 
the regression of xy on x (Benson, 1965). Meaningful sediment rating 
curves should relate sediment concentration to water discharge. 

For a number of statistical reasons, log values of the variables 
are generally used. This is done on the grounds that the background 
populations show a log normal distribution and more importantly, in 
order that the distribution of residuals about the regression line 
have a mean of zero and a constant variance (see Kellerhals et al., 
1974 for further discussion). 

The most severe shortcoming of sediment rating curves revolves 


about the fact that both of the variables employed in the analysis 
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are serially correlated. This poses difficulties in the assessment 
of the strength and significance of the regression. Serial correla- 
tion can be considered equivalent to reducing the number of degrees of 
freedom below that defined by the sample size. The amount by which 

it is reduced may not be readily determined and as a result none of 
the standard significance tests can be validly employed. 

In the case of this study, the number of samples is large and 
thus the regressions are considered quite robust. Also, the samples 
taken from 1967 to 1976 are spaced aperiodically through time. It 
nevertheless remains that the outcome of the statistical tests must 
be treated cautiously. 

The choice of using instantaneous, mean daily or other values 
should consider the character of the data base and watershed hydrology. 
Spring Creek is a relatively small watershed with rapid fluctuations 
in streamflow which are masked by mean daily flow values. This char- 
acteristic is even more marked in the tributaries. Also, the method 
of computing mean daily sediment concentration is based to a degree 
on subjective judgement and requires the assumption of some relation- 
ship between streamflow rates and sediment concentrations. For these 


reasons, instantaneous values are used in the analyses presented here. 


7.2 Data Base 

Sediment sample analysis reports for the years 1967 to 19/76 fur- 
nished by Water Survey of Canada gave the solute and sediment concen- 
trations for each sample and the stream stage at the time of sampling. 
Samples were rejected if the analyst's report noted possible contamin- 


ation or damage. Equivalent data for 1977 were gathered by the author. 
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The stage was converted to a discharge rate by the use of the approp- 
riate stage-discharge table and the required correction factors. These 


were provided by Water Survey of Canada and by Alberta Environment. 


7.3 Model Definition 

Initial analysis was made of the Spring Creek data in order to 
define the form of the relationship between suspended sediment concen- 
tration and streamflow rates. This and all other statistical analyses 
were done using the MIDAS statistical program package (Fox and Gutre, 
1976). 

The set of all samples for Spring Creek was plotted in the form 
of the log to the base 10 of sediment concentration in mg/1 (LOGCS) 
against the log to the base 10 of water discharge in cfs (LOGQ). This 
showed a non-linear relationship between LOGCS and LOGQ (see Fig. 13). 
A set of curves was fitted to the data by the use of polynomial re- 
gressions of LOGCS on LOGQ. An F-test of the reduction of the sum of 
squares of the deviations from the regression lines (SSE) showing a 
very significant reduction was attained in moving from a first degree 
polynomial regression (i.e. linear regression) to a second degree 
polynomial regression. A third degree polynomial regression gave a 
further reduction which was significant at the .005 level but not at 
the .001 level. A fourth degree polynomial regression did not give a 
further significant reduction in SSE. Thus, the rating curve for all 
Spring Creek samples was established to be curvi-linear, and while a 
third degree polynomial form could have been accepted, a second degree 


polynomial was chosen in the interest of simplicity. 
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This type of regression was used because of its ability to fit 
the data, not because there is any theoretical reason to believe that 
the relationship between LOGCS and LOGQ is of this form. Therefore 
the polynomial regression equations presented here should not be used 
to make predictions beyond the range of the data from which they were 


developed. 


7.4 Annual Variations in Sediment Rating Curves 

The Spring Creek sampling site was moved between 1976 and Lae 
and therefore the question arises as to whether the 1977 data is 
comparable to that of previous years. This was investigated by 
comparing the sediment rating curves for different years by means of 
covariance analysis (Snedecor and Cochrane, 1967). The rating curve 
for the 1977 data was compared with that of the 1967 to 1976 data. 
Also, rating curves for each year were compared with each other. 

The annual rating curves were constructed and compared only for 
the upper range of discharge (i.e. LOGQ is greater than 0.7) where 
they could be defined by linear regressions. This was done because 
sediment samples for lower discharges were not available in some years 
and therefore it would have been misleading to use polynomial regres- 
sions to define the rating curves for all years. 

The 1977 rating curve has the same slope but a significantly 
different intercept (at the .05 confidence level) than the 1967 to 
1976 rating curve. However the annual rating curves also have the 
same slopes but significantly different intercepts. The relationship 


between the intercepts as illustrated by the results of a Neuman-Kuel 
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Studentized Range Test (Snedecor and Cochrane, 1967) given graphically 
below. 


297019 197988 1974 § 1969" 11972" *1976°°'1973'> 1968-1975 © 1967° | 1977 


The years represent the rank of intercept values from lowest to 
highest and the lines define groups of intercepts which are not sig- 
nificantly different from each other at the .05 confidence leyel. 

Thus moving the sampling site does not appear to have caused any 
greater displacement of the 1977 rating curves than might have other- 
wise occurred. 

Explanations for the lack of similarity of the intercepts were 
sought. The rank of the intercepts is not related to the rank of 
annual water yields, the proportion of annual runoff produced in 
spring, or the proportion of samples taken by depth-integrating samplers, 
nor does it follow a time trend. The variation is not due to measure- 
ment error as the same sampling method and sample analysis procedure 
was employed in each year. Apparently, significant differences in the 
value of the intercepts is the result of the operation of variables 
which have not as yet been identified. The data from all years were 
pooled for further analysis in the belief that it reflects the long 


term average relationship between LOGCS and LOGQ. 


7.5 Seasonal and Hydrologic Factors 


Differences may exist between spring and summer rating curves 
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(Guy, 1964; Brown, 1972), and between rising stage and falling stage 
rating curves (Walling, 1977). In order to investigate this for 
Spring Creek and its tributaries, the sample sets were subdivided by 
season and stage. 

Spring was defined as the months March, April, and May while 
summer was defined as the months of June to October inclusive. No 
samples were available for the remaining months. 

Rising and falling stage classification was based on the mean 
daily discharge hydrograph. If the mean daily flow rate on a sample 
day had changed significantly from that of the previous day, and if 
the direction of that change continued into the next day, the sample 
was placed into the appropriate rising or falling stage category. If 
not, the sample was placed in a residual category. It was arbitrarily 
decided that a change in the mean daily flow rate of .0057 cms for 
Spring Creek and .0014 cms for the tributaries would be considered 
significant. This classification system was chosen because it ignores 
minor fluctuations in discharge and places samples taken during transi- 
tional period (i.e. at peaks and troughs of the hydrograph) in the 


residual category. 


7.6 Spring Creek 


It was previously shown that the rating curve for the set of all 
Spring Creek samples is curvi-linear and that it can be defined by a 
second degree polynomial regression equation. The summer data plots 
in the same fashion and can be fitted by an equation of the same type. 


In the spring, however, the relationship between LOGCS and LOGQ is 
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linear (see Fig. 13 and Table 9). 

Figures 14 and 15 show that over most of the range of streamflow 
rates for which sediment samples are available, there is very little 
difference between spring and summer sediment concentrations. Above 
flows of LOGQ = .70 (i.e. .15 cms or 5.0 cfs) the summer rating curve 
conforms to a linear regression model; that is no significant reduc- 
tion in the SSE is achieved by the use of a polynomial regression. 
Further, covariance analysis shows that for this range of streamflows, 
there is no significant difference (at .05) between the spring and 
summer rating curves. 

Below LOGQ = .70, the spring and summer rating curves diverge. 
Over their common range (i.e. LOGQ .06) the spring and summer rating 
curves are different in that one conforms to a linear regression model 
while the other does not. For the summer data a significant reduction 
in SSE is achieved in moving from a first degree to a second degree 
polynomial regression. Therefore, the spring and summer rating curves 
are different from each other but the difference is restricted to low 
flows less than approximately 50% of the mean streamflow rate. 

At low flows, intense summer thunder showers may cause a measure- 
able increase in sediment concentration without appreciably increasing 
streamflow. Dam building activity by beavers accelerates at low flows 
as they attempt to maintain favorable water levels. Such activity 
produces sporadic sediment inputs. Low summer flows are also assoc- 
jated with a more stable aquatic environment, higher water temperatures 
(i.e. 15°-20°C) and thus with more prolific biologic sediment produc- 


tion. These three factors combine to maintain a minimum sediment 
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TABLE 9: SEDIMENT REGRESSION ANALYSIS 


Regression Equation N R2 Level of 
Significance* 


—~_—__- acenticadl 


SPRING CREEK 


All Samples Y= .21147 x2 + .17090 X + 1.0726 290 -81467 .0000 
Spring Y = .91276 + 43033 121 . 77034 . 0000 
Summer Y = .18936 i + .21546 X + 1.1098 169 - 83785 .0000 
Rising Stage Y = .18568 + -26658 X + 1.0094 ‘ 37 -71362 . 0000 
Falling Stage Y = .26607 he - .00248 X + 1.1701 163 -82097 - 0000 


HORSE CREEK 
Z 


All Samples Y = .15263 X" + .39181 X + 1.0408 159 .43232 . 0000 
Spring Y = .53324 X + 1.0447 68 - 56803 . 0000 
Summer Y = .12789 x2 + .34610 X + 1.0711 90 . 14165 .0013 
Rising Stage Y = .06913 x2 + .23741 X + 1.1932 16 «39105 0398 
Falling Stage Y = .23664 x2 + .30494 X + .97123 74 - 35433 . 0000 


WOLVERINE CREEK 
2 


All Samples Y = .33260 X” + .52804 X + 1.3201 180 .52199 . 0000 
Spring Y = .66233 X + 1.5867 84 .47942 . 0000 
Summer Y = .37617 x2 + .43584 X + 1.1684 96 . 30297 .0000 
Rising Stage Y = -.14031 x2 + .71696 X + 1.5478 7 29280 - 0885 
Falling Stage Y = .25550 x2 + 569528 X 491201928 67 - 62372 . 0000 


ROCKY CREEK 


All Samples Y = -.07439 X + .85610 191 -03131 -0143 
Spring Y = .01047 X + .80958 87 .00024 .8858 
Summer Y = -.13585 X + .82645 102 - 11672 0004 
Rising Stage Y = -.04796 X + .97997 40 .00713 .6043 
Falling Stage Y = -.08574 X + .76789 8] .03572 .0911 
BRIDLEBIT CREEK 

All Samples Y = .02538 X +-1.0947 225 . 00362 . 3690 
Spring Y = .23628 X ‘ -90640 83 . 12900 . 0009 
Summer Y = -.02316 X + 1.1120 14] . 00335 4957 
Rising Stage Y = .13864 X + 1.2187 39 . 06923 . 1056 
Falling Stage Y = -.06968 X + 1.0038 104 .02543 - 1059 


sige eee, ii tel tn lA ial Dc el ae ee ra Sate A, IS) Apr a BR are ene ROR ae Ms es EE aD 
UPPER SPRING CREEK 


All Samples Y = -.10387 X + .97013 189 .08131 .0001 
Spring Y = -.02644 X + .92189 80 - 00336 .6096 
Summer Y = -,18160 X + .96596 107 .21158 . 0000 
Rising Stage Y = -.00595 X + 1.0520 31 .00017 9449 
Falling Stage Y = -.10534 X + .89624 97 07894 0053 


en nn ee 


Y =1og to the base 10 of sediment concentration in mg/1 
X =log to the base 10 of water discharge in cfs 


* attained significance of the null hypothesis 
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Horse Creek : Wolverine Creek 


FIGURE 14: SEASONAL SEDIMENT RATING CURVES 
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FIGURE 15: SEASONAL SEPARATION OF SPRING CREEK 
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concentration during the summer months and thereby cause curvilin- 
earity in the summer rating curve. 

The maintenance of a minimum concentration during the summer months 
does not substantially affect the annual sediment output of the water- 
shed. The sediment rating - Flow duration curve calculations using the 
rating curve for the set of all samples shows that flows less than 0.15 
cms contribute under 8 t/yr to the mean annual sediment yield of Spring 
Creek. 

The summer rating curve shows a stronger correlation between LOGQ 
and LOGCS (r? = ,84) than the spring rating curve (r? = .77). However 
this difference is not great and does not necessarily indicate seasonal 
differences in the strength of the sediment-discharge relationship. 

It may simply reflect differences in the ability of linear and polynomial 
regressions to fit a given set of data. 

Both rising stage and falling stage rating curves are curvilinear 
and covariance analysis shows no significant difference between them. 
Correlation is somewhat better on falling stage (r? = .82) than on 
rising stage (r@ = .71). It is expected that on the rising stages sedi- 
ment concentration will be affected by variations in antecedent supply 
and the nature of runoff generation. As a result, sediment concentration 
is more variable at the beginning of a runoff event. On falling stages, 
the differences in initial conditions will have been largely "damped 
out" and the sediment load is better adjusted to the carrying capacity 
of the stream. 

The unstable valley sides in the lower interbasin area provide 


substantial sediment inputs to Spring Creek. Because the sediment 
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concentration is seldom limited by the available supply, it is rather 
well predicted by a measure of the stream's carrying capacity, and 
there is very little difference between the seasonal and stage- 
differentiated rating curves. This also implies that the Spring 
Creek sediment rating curves largely reflect the sediment - discharge 


relationship through the lower interbasin area of the watershed. 


7.7 Horse Creek 

The plot of LOGCS against LOGQ for the set of all Horse Creek 
samples (Fig. 16) is curvi-linear and shows a high dearee of scatter. 
Tne rating curve is defined by a second degree polynomial (Table 9). 

The spring rating curve is linear while the summer rating curve 
is curvi-linear. As in Spring Creek, the real seasonal differences 
are apparently restricted to low flow periods, presumably for the 
Same reasons (see Fig. 14). However, unlike Spring Creek, there is a 
Jarge difference in the regression coefficient of the spring (r? = 57) 
and summer (r? = .14) curves. Since Horse Creek has such a low mean 
sediment concentration, variations in rainfall intensity during the 
summer are more likely to be reflected in the sediment concentration. 
Variations in the sediment tnput from the upper watershed due to 
beaver activity and algal growth rates also have a strong impact in 
the summer. These types of variations are masked in Spring Creek, 
except at very low flows, by the high sediment production of the 
lower interbasin area. 


The rising stage rating curve has a higher r2 value (.39) than 


the falling stage rating curve (.35), but it ts only based on 16 
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samples and can be considered not significant at the .01 confidence 


level (see Table 9). 


7.8 Wolverine Creek 

A curvi-linear rating curve defined by a second degree polynomial 
is indicated for the set of all Wolverine Creek samples (see Fig. 17). 
Scatter about the curve is high. 

As before, the spring curve is linear while that for the summer 
is curvi-linear. Unlike before however, the seasonal curves are 
Significantly different over the upper range of discharge to which 
linear regressions can be fitted to both the spring and summer data. 
This was tested by covariance analysis at the .05 confidence level. 
Figure 14 shows that over most of the range of discharge, sediment 
concentrations are higher in the spring than in the summer. This is 
probably due to the sensitivity of the disturbed areas of the water- 
shed to seasonal changes in vegetation cover. These areas lack the 
protective cover of organic debris and shrub growth which is present 
in the undisturbed portions of the watershed, and as a result they 
are more susceptible to erosion and minor slumping in the spring. As 
new vegetation becomes established in the summer, the erosion resis- 
tance of these disturbed areas is increased, at least at moderate 
Flows. 

At high flows the spring and summer curves converge. Under the 
high hydraulic stresses applied to the channel banks and lower valley 
sides at these times, the summer vegetation cover on the areas dis- 


turbed by land use fails to provide protection against erosion. 
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The spring rating curve (r? = .48) has a higher re value than 
the summer rating curve (r? = .30). The same factors that act in 
Horse Creek to produce more scatter about the summer curve than the 
spring curve also act in Wolverine Creek. 

Scatter about the rising stage rating curve (r? = .29) is greater 
than that about the falling stage curve (r? = .62). Also, the regres- 
sion equation defining the rising stage rating curve js not signifi- 


cant at the .05 confidence level (see Table 9). 


7.9 Other Tributaries 

Scattergrams show that for Rocky, Bridlebit, and Upper Spring 
Creeks the relationship between LOGCS and LOGQ is very weak (see Figs. 
18 to 20). Since the data have a great deal of scatter and no clear 
non-linear patter is apparent, the use of curve fitting techniques 
could not be justified and the data were only subjected to simple 
linear regression analysis. 

Subdividing the data on seasonal and hydrologic grounds did not 
greatly improve the predictive ability of the regression equations 
but it did indicate certain trends. Over the summer months, LOGCS js 
negatively correlated with LOGQ. As was discussed previously, this 
is due to the importance of biological sediment production at this 
time of the year. For Rocky and Bridlebit Creeks, LOGCS and LOGQ 
are positively, although weakly, correlated in the spnings . It.is at 


this time of the year that the highest water discharge rates and the 


highest sediment concentrations occur. 
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7.10 Discussion of Sediment Rating Curve Analysis 

It was previously established that sediment productivity within 
Spring Creek Watershed increases from headwaters to mouth through 
three geomorphic zones. The location of gauging stations in relation 
to these zones affects the predictive ability of the corresponding 
sediment rating curves. As progressively higher sediment producing 
zones are included in the gauged watershed area, the erratic sediment 
inputs from the upper watershed are overridden and the correlation 
between sediment concentration and streamflow rates improves. 

It seems to follow then that since Wolverine Creek has a much 
greater sediment yield than Horse Creek, it should also have better 
defined rating curves. This is not the case. Over the period of 
record, Wolverine Creek Watershed was subject to a number of dis- 
turbances which produced non-stationarity in its sediment system and 
the associated series of sediment measurements. Under such condi- 
tions, the correlation between sediment concentration and streamflow 
rates is expected to be weak. 

Wolverine Creek behaves differently from Horse and Spring Creeks 
in that its seasonal rating curves are different from each other in 
both form and position. Although data from this single watershed are 
an inadequate basis for generalization, they suggest that disturbance of 
a watershed will not only increase its sediment yield but may also affect 
other aspects of the sediment regime, such as the pattern of sediment 
output and the overall sediment/discharge relationship. 

The rating curves of Rocky, Bridlebit and Upper Sprina Creeks 


poorly itlustrate the erosion processes which are acting in these 
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watersheds. Erosional inputs of sediment to the streams are blocked 
by the numerous "filters" in the drainage network. Much of the 
measured variation in sediment concentration js due to variations in 
the amount of organic material in transport and is therefore largely 
independent of streamflow rates. The use of sediment rating curves 
for predictive purposes in this and similar watersheds is not feasible. 

The Horse Creek rating curves reflect erosion processes in the 
lower watershed area. However, variations in sediment concentration 
unrelated to streamflow are introduced by inflow from the upper water- 
shed area and produce “noise” in the measured sediment - streamflow 
relationship. This results in weakly defined rating curves which 
would give poor results if used for prediction. 

The Spring Creek rating curves give reasonably good predictions 
of sediment concentration from streamflow rates. Since the gauged 
tributary streams, which account for over 80% of the total water 
yield, have such poor rating curves, it is apparent that the sediment - 
streamflow relationship measured at the mouth of Spring Creek must be 
largely controlled by factors operating outside the gauged tributary 
watersheds. As streamflow enters the lower interbasin area, its 
capacity to transport sediment increases and sufficient sediment is 
usually available to match that capacity. The processes acting in 
this small zone provide most of the sediment yield and dominate the 


sediment regime measured at the mouth of Spring Creek Watershed. 


7.11 Solute Rating Curves 


The relationship between solute concentration and discharge for 
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Spring Creek and its tributaries ts illustrated in Fig. 21. Note 
that actual solute concentrations in mg/1 are plotted against the log 
values of discharge. The correlation between these variables js 
negative and the data plot follows a straight line. In other words, 
solute concentration is inversely related to discharge, and its rate 
of change, which is initially very rapid, decreases toward higher 
discharges. 

During low flow periods, most of the runoff from these watersheds 
is derived from baseflow and therefore solute concentrations are high. 
When discharge increases, solute concentrations are rapidly reduced 
as the baseflow is diluted by storm or snowmelt runoff. This dilu- 
tion effect becomes less pronounced at higher flows as the streamflow 
solute concentration approaches the maximum attainable by storm or 
Snowmelt runoff. 

The data sets for each watershed were subdivided on the basis of 
season and stage using the same criterion that were applied to the 
sediment data. This produced no change in the form of the rating 
curves and covariance analysis failed to identify any significant 
difference between the seasonal and stage-differentiated curves. 

Figure 22 shows that there is considerable variation in the 
slopes and intercepts of the solute rating curves of Spring Creek 
and its tributaries. Peak solute concentrations are greatest in 
Wolverine Creek and least in Upper Spring Creek. Although during 
moderate and high discharges, concentrations are highest in Spring 


Creek, for any given frequency of flow, discharge ts higher in Spring 
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FIGURE 22: SOLUTE RATING CURVES 
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Creek than in any of its tributaries. Therefore it is not expected 
that the mean solute concentration of Spring Creek (i.e. 162 mg/1) 
will be appreciably higher than that of its tributaries. 

For Spring Creek, the ratio between the mean solute concentra- 
tion and the mean sediment concentration (as determined by regression 
analysis in section 4.1) is 0.6:1. A first approximation of the 
solute/sediment ratios of the gauged tributaries can be made assuming 
that they all have a mean solute concentration of 162 mg/1; the same 
as Spring Creek. This assumption cannot be truly justified but it 
does not seem entirely unreasonable in view of the relationship 
between the solute rating curves. The ratios of the tributaries 
range from 6:1 for Horse Creek to 15:1 for Upper Spring Creek. The 
indication is that solute production is far more significant among 
the gauged tributary streams than it is for Spring Creek Watershed 
as a whole. 


The re 


values of the regression equations which define the rating 
curves range from .75 for Spring Creek to .30 for Rocky Creek (see 
Table 10). The variation in the predictive ability and the position 
of the solute rating curves is related to the geologic and goundwater 
flow characteristics of the watersheds. Very little data regarding 


these variables are available, and therefore it is impossible to 


develop detailed explanations of the solute-discharge relationships. 
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8. CONCLUSIONS 


8.1 Most of the sediment yield of Spring Creek Watershed ts derived 


from a small area within a short period of time. A 1.5 km? 


area of 
the Spring Creek Valley near the watershed mouth provides 90% of the 
sediment yield. The sediment discharge of an average of 18 days per 
year accounts for 90% of the annual sediment yield. Combining spatial 
and temporal aspects, shows that over 80% of the sediment yield is 


derived from 1.5% of the watershed area in less than 5% of the time. 


8.2 The well-defined annual and instantaneous relationships between 
sediment and streamflow observed at the mouth of Spring Creek Watershed 
are established outside the gauged tributary watersheds, primarily in 


the lower interbasin area. 


8.3 The contribution of tributary areas to the sediment yield of the 
watershed as a whole is extremely variable. The headwater areas yield 
less than 2 t/km@/yr while a small portion of the Spring Creek Valley 


yields nearly 2000 t/km“/yr. 


8.4 Distributing the sediment yield measured at the mouth of Spring 
Creek over the watershed area gives an unrealistic erosion rate per 
unit area. It is not applicable to the vast majority of the watershed 
area. Erosion rates calculated in this fashion should not be used to 


predict the sediment yield of smaller units within the watershed. 


8.5 The dominant control on the spatial pattern ts a series of past 


base level changes which are expressed as knickpoints on the channel 
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of Spring Creek and its tributaries. The areas immediately downstream 
of the knickpoints are considered to be zones of geomorphic disequili- 
brium and are identified as the major sediment sources within the 


watershed. 


8.6 The portion of the watershed upstream of the older knickpoints, 
85% of the area, contributes practically nothing to the sediment yield 
of the watershed. A heavy forest cover limits sediment production 
and numerous beaver dams along the stream channels act as filters 
which transmit water but little sediment. Much of the sediment dis- 
charged from this area is derived through biological rather than 


erosional action. 


8.7 The ratio of solute production to sediment production for Spring 
Creek Watershed is 0.6:1 but among the gauged tributary streams the 
ratio ranges from 6:1 to 15:1. Solute production is believed to be 
fairly constant over the watershed, and variation in solute/sediment 


ratios largely reflects the variation in sediment production. 


8.8 On average, 76% of the sediment yield of Spring Creek jis dis- 
charged during spring runoff. A similar pattern exists among the 
tributaries. The importance of spring runoff in the sediment regime 
was expected in view of its importance in the regional hydrologic 
regime. Seasonal variations in sediment concentration can be explain- 


ed in terms of variation in flow characteristics. 


8.9 Sediment rating curves give reasonably good predictions of sedi- 


ment concentration from streamflow rates for Spring Creek but not for 
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its tributaries. Much of the variation in sediment concentration in 
the tributary streams is related to biologic activity which is largely 


independent of streamflow. 


8.10 No significant differences exist between rising stage and fall- 


ing stage sediment ratina curves for Sprina Creek and its tributaries. 


8.1] Spring sediment rating curves are defined by linear regressions 
while the summer curves are non-linear and defined by second degree 
polynomial regressions. However, in Spring Creek and Horse Creek no 
Significant differences exist between the seasonal rating curves over 
moderate and high flows. Seasonal differences exist only at low 
flows and are attributed to the operation of variables not directly 
related to discharge. Principal among these variables is organic 
sediment production which is favored by the higher water temperatures 
and relatively stable aquatic environment associated with low summer 


flows. 


8.12 Seasonal differences in Wolverine Creek are not restricted to 

low flows, but exist at moderate and higher flows. This suggests 

that watershed disturbances can not only increase sediment yield but 
may also affect other aspects of the sediment regime, such as the 
pattern of sediment output and the overall sediment/discharge relation- 
ship. 

8.13 The prediction of sediment discharge from rating curves in this 
type of watershed faces a number of difficulties. Simply fitting a 
straight line to a number of samples will probably fit the data poorly 
and will not accurately reflect the sediment-discharge relationship. 


Anomalously high sediment concentrations at low flows will not 
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appreciably affect the net sediment yteld of the watershed, but if a 
linear regression is used, they will shift the position of the lower 
end of the rating curve and thereby increase its intercept and reduce 
its slope. If insufficient samples are available to define the 
curvi-linear summer curve, a rating curve based on spring samples 
could probably give reasonable estimates if applied over the entire 
year. Extrapolation of the spring curve can be done more easily and 
with more confidence than extrapolation of the summer curve. Alter- 
natively, summer data could be used omitting samples taken at flows 


less than 50% of the mean streamflow rate. 


8.14 The analysis presented here further supports the hypothesis 
that the use of instantaneous sediment rating curves in conjunction 
with mean daily flow data will underestimate sediment discharge. 
Instantaneous rating curves should be used only with instantaneous 


(or nearly so) streamflow data. 


8.15 Annual shifts in the position of the Spring Creek rating curve 
occurs, although the reason for this is not understood. It is 
desirable that rating curves be based on samples taken over a number 


of years. 


8.16 Any attempt to model the sediment dynamics of the tributary 
streams must incorporate other variables in addition to streamflow. 


Attention should be given to factors which affect the. organic sediment 
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8.17 More complex models of the sediment discharge of Spring Creek 
should concentrate especially on the factors which are operating in 
the lower inter-basin area since this is the source of the vast 
majority of the sediment yield of the watershed. For the same reason, 
a model which aims to predict the spatial variation in the sediment 
yield between watersheds similar to Spring Creek should focus on the 
conditions that exist in the disequilibrium zones connecting the up- 


land areas with the major rivers into which the watersheds drain. 


8.18 Land use impacts on the watershed sediment yield have been 
variable. The main access road does not seem to contribute a sub- 
stantial amount of the watershed sediment yield. The road surface 
drains to ditches which support a lush vegetation growth and the 
Stream crossings, with one exception, are well-designed and stable. 
On the other hand gullying and willow destruction caused by past 
livestock grazing are seen as the major cause of the anomalously high 
sediment yield of Wolverine Creek. The most severe and problematic 
land use impact was caused by the construction of a pipeline corridor 
across Spring Creek. This disturbance of .004% of the watershed area 


produced an increase in the watershed sediment yield of 36% in 1977. 


8.19 This research has several implications for land managers in- 
volved in erosion control. Primarily, disturbances in the disequili- 
brium zones of watersheds should be avoided if at all possible. 
Aggravating the natural instability of these areas will lead to the 
rapid development of erosion problems. The severity of the problems 


will depend on the nature of the disturbance. Accelerated erosion of 
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these areas could also be caused by action outside the disequilibrium 
zones. the development of land drainage works and the removal of 
beaver dams in upstream areas can increase flow volumes and peak 
flows through the sensitive reaches. In this situation, channel 
protection works and artificial water storage sites should be provided 


if erosion problems are to be avoided. 
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9. PHOTOGRAPHS 
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1. Junction of Spring Creek and Simonette River. Circle 
marks the junction. Note road and pipeline right-of- 
way in background. 


Spring Creek (Main) Gauging Station 
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4. Wolverine Creek Gauging Station. Note slumping in 
background. 


3. Horse Creek Gauging Station. Note 
slumping in background. 
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6. Bridlebit Creek Gauging Station. Note debris from beaver 
dam downstream from gauge. 
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7. Upper Spring Creek Gauging Station. Note lack of relief 
in surrounding area. 


8. Sediment Sampling Site Upstream of Pipeline. Looking 
upstream across pipeline right-of-way. Samples taken 
from foot bridge. 
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9. Sediment Sampling Site Downstream of Pipeline. Looking 
downstream across pipeline right-of-way. Samples taken 
from foot bridge. 
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10. Slumping on Wolverine Creek. Slump is adjacent to main 
channel approximately 200 m upstream of gauge. 
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Outlet of Lake on Bridlebit Creek. Note beaver dam and 
floating organic material. 
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